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Abstract 
Raman-based optical imaging is a promising analysis tool for non-invasive, label-free chemical 
imaging of lipid bilayers and cellular membranes. Imaging using spontaneous Raman scattering 
suffers from a low intensity that hinders its use in some cellular applications. However, 
developments in coherent Raman imaging, surface-enhanced Raman imaging, and tip-enhanced 
Raman imaging have enabled video rate imaging, excellent detection limits, and nanometer spatial 
resolution, respectively. After a brief introduction to these commonly used Raman imaging 
techniques for cell membrane studies, selected applications of these modalities for chemical 
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imaging of membrane proteins and lipids are reviewed. Finally, recent developments in chemical 
tags for Raman imaging and their applications in the analysis of selected cell membrane 
components are summarized. On-going developments towards improving the temporal and spatial 
resolution of Raman imaging and small-molecule tags with strong Raman scattering cross-sections 
continue to expand the utility of Raman imaging for diverse cell membrane studies.    
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1. INTRODUCTION 
The cell membrane is a complex organelle that contains various proteins, lipids, and small 
molecules with unique chemical signatures. In the model proposed by Singer and Nicholson in 
1972, the cell membrane is assumed to be a two-dimensional uniform fluid where membrane 
proteins diffuse freely in a sea of lipid [1]. However, the scientific understanding of the cell 
membrane has evolved over time. In 2014, Nicholson updated his original membrane model by 
adding important lipid and protein interactions that are essential for cellular functions [8].  
 A simplified schematic of the cell membrane is shown in Figure 1. Cell membrane 
properties, such as the lipid distribution and membrane protein concentration, have been used as a 
biomarker for pathological conditions [9, 10]. Although there are imaging techniques that can 
provide atomic resolution, including a variety of scanning probe microscopies, optical techniques 
remain leading imaging methods for characterizing biological samples, and in particular are suited 
to measure the dynamics of biological systems. The ease of implementation, minimal invasiveness 
and possibility for high selectivity make optical techniques such as fluorescence and Raman 
imaging unparalleled for measuring cell membrane compositions, structures and dynamics. 
 The Raman effect was first identified by Raman and Krishnan where they reported, “…in 
every case in which light is scattered by the molecules in dust-free liquids or gasses, the diffuse 
radiation of the ordinary kind, having the same wavelength as the incident beam, is accompanied 
by a modified scattered radiation of degraded frequency” [11]. As shown in Figure 2a, upon 
interaction with a photon, a molecule generates scattered light with no change in the wavelength 
(called Rayleigh scattering, ωr) or with an altered wavelength (called Raman scattering). If the 
altered wavelength is longer than the incident light, it is called Stokes scattering (ωs) otherwise it 
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is called anti-Stokes scattering (ωas). The change in the wavelength encodes the identity of the 
functional groups within the molecule.  
In terms of current and historical usage, fluorescence imaging is considered a gold standard 
for optical imaging studies of the cell membrane. Despite this, there are advantages of Raman over 
fluorescence imaging in the context of cell membrane studies. (1) Raman imaging can be 
performed in a label-free format, and, if a label is used, the label can be as small as two atoms, 
which may minimize the disruption of biological function. (2) Raman imaging does not suffer 
from photobleaching as is common in fluorescence imaging. (3) Raman peaks are narrow (e.g., a 
few nanometers) compared to fluorescence peaks (e.g., 50-100 nm) enabling a higher degree of 
multiplexing, and in addition (4) a single laser enables simplified Raman instrumentation for 
multiplexing.  
 Almost 90% of the Raman peaks from the spectrum of a human cell are in the fingerprint 
spectral region between 500 cm-1 to 1800 cm-1 (Figure 2b) [12]. The remaining peaks are in the 
spectral window 2700 cm-1 to 3100 cm-1. The majority of the peaks are assigned to lipids, proteins, 
and nucleic acids. Using Raman imaging multiple cellular components can be imaged 
simultaneously without a label. The spectral region between 1800 cm-1 to 2700 cm-1 is termed the 
cell-silent region, where no appreciable cellular peaks are located. 
 The spontaneous Raman signal is generally considered to be weak (1 photon in every 106 
to 108 scattered photons), which has limited imaging speeds and utility for measuring the fast 
dynamics of the cell membrane. Various approaches have been developed over the years to 
increase the imaging speed, which were recently reviewed [13]. Herein, the recent developments 
in the application of Raman imaging for cell membrane studies are reviewed. After a brief 
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introduction to the basic principles of the commonly used Raman modalities for cell membrane 
studies, selected applications of these methods to cell membrane applications are reviewed. The 
Raman imaging approaches reviewed here in the context of cell membrane studies are: (1) coherent 
Raman scattering, (2) surface-enhanced Raman scattering and (3) tip-enhanced Raman scattering. 
Instrumentation for Raman imaging is not discussed here, and the reader is directed to appropriate 
reviews on the topic [14-16].  
 A second concern with Raman imaging is that label-free imaging, while sometimes 
advantageous, can also make it difficult to measure a single membrane component among all the 
components in the cell membrane. This has been addressed by introducing new classes of Raman 
tags that are reviewed in the final section of this review. Finally, the current areas of development 
in Raman imaging that make this imaging modality an even more attractive option for cell 
membrane studies are summarized. 
 
2. COMMON RAMAN-BASED IMAGING METHODS FOR CELL MEMBRANE 
STUDIES 
2.1. Coherent Raman Scattering 
In this section, imaging techniques based on coherent Raman scattering (CRS) are discussed as an 
alternative to the relatively weak spontaneous Raman signal. The two most common imaging 
formats under the CRS family are coherent anti-Stokes Raman scattering (CARS) and stimulated 
Raman scattering (SRS).  
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In most CARS experiments three excitation fields denoted as the pump at ωp, Stokes at ωs 
and probe at ωpr are used (Figure 2a). The frequency difference between the pump and Stokes 
fields (ωp - ωs) corresponds to a specific vibrational mode in the sample and a CARS signal is 
generated at ωpr+(ωp-ωs). In most experiments, both the pump and probe fields are generated from 
the same source and are the same frequency. CARS was first reported in 1965, and the first CARS 
microscope was demonstrated in 1982 [17, 18]. CARS research underwent a renaissance in 1999 
when Xie and coworkers reported 3D CARS with collinear femtosecond laser excitation [19]. 
Various imaging modalities have been reported for CARS such as narrowband, broadband and 
multiplex CARS, to list few. CARS imaging at video rate has been reported for lipid contrast [20]. 
The spontaneous Raman signal is isotropic, however, the majority of the CARS signal is 
forward directed (i.e., the signal is directional). This facilitates a high detection efficiency in the 
transmissive direction. Since the detected signal is at a lower wavelength, the CARS signal does 
not compete with the fluorescence background, which can otherwise be problematic for biological 
samples. However, CARS suffers from an inherent non-resonant background that makes it difficult 
to retrieve the signal. Various approaches have been developed to tackle the non-resonant 
background in CARS. When the signal of interest emanates from features that are smaller than the 
wavelength of light, non-resonant background from the bulk is suppressed by using the signal 
collected in the epi-direction rather than detecting forward CARS, although non-resonant 
background from sub-wavelength features is not eliminated [21]. Frequency modulation CARS 
has been successfully implemented to image the distribution of deuterium-labeled oleic acid in 
human lung cancer cells with significantly lower non-resonant background compared to typical 
CARS [22]. The theoretical framework and instrument developments to address issues such as 
non-resonant background have been reviewed previously [22-26].  
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Although the imaging speed is significantly improved for CRS-based Raman imaging over 
spontaneous Raman imaging, the limit of detection is problematic for some applications. Lipids 
have been the primary focus of CRS-based imaging [19, 27-31]. In 2002, Xie and coworkers used 
CARS to study the changes in the cell membrane during apoptosis in NIH 3T3 cells using the 
aliphatic C-H vibration [32]. They recorded forward-detected CARS and epi-detected CARS 
simultaneously to obtain high contrast images of features that are larger and smaller than the 
excitation wavelength, respectively. Similarly, Kano has imaged various organelles including the 
cell membrane in HeLa cells with CARS using the C-H vibrational mode [33]. CARS has also 
been used to image the myelin sheath of neural cells. The myelin sheath is a multilamellar 
membrane around the axons. The degradation of myelin is linked to neurodegenerative diseases 
such as multiple sclerosis. Due to the abundant quantities of lipids, myelin can be imaged in vivo 
using CARS without exogenous labels [34-36]. 
CARS has been coupled with other nonlinear techniques for multimodal imaging. In 
combination with two-photon excitation fluorescence and sum-frequency generation (SFG), 
Cheng and coworkers used CARS to image the signal from the CH2-rich membranes of endothelial 
and smooth muscle cells to visualize the arterial wall [37]. Similarly, Prasad and coworkers studied 
the organization of macromolecules such as protein, lipids, DNA and RNA in HeLa cells [38]. 
They used CARS to image the distribution of proteins and lipids and two-photon fluorescence to 
image labeled DNA and RNA.  
As a demonstration of dynamic imaging, Xie and coworkers studied the structural changes 
in lipid droplets in live cells over several hours using CARS [39]. They reported that the observed 
contrast in CARS is as good as fluorescence microscopy with Oil Red O staining. In a follow-up 
study, they measured the dynamics of lipid droplets using CARS in real-time [40]. They observed 
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both sub-diffusion and active transport of lipid droplets along microtubules. The effect of 
interactions with mitochondria on the dynamics of lipid droplets has been studied with CARS. [39, 
40]. Similarly, Pezacki and coworkers studied the interaction between hepatitis C virus core 
protein and lipid droplets. This interaction is one of the pathways that viruses use to proliferate 
with components from the host cells [41]. Zumbush and coworkers studied the diffusion of lipid 
droplets in live HeLa cells at video-rate for several hours [31].  
The lipid organization in the cell membrane is not uniform; heterogeneous lipid domains 
exist in the cell membrane. These domains enable specific proteins to form clusters in the cell 
membrane, which may be critical for their function [42, 43]. Measuring the lipid compositions of 
these domains will advance our knowledge of cell membrane organization. To this end, lipid 
domain compositions have been analyzed by several groups using CARS in artificial lipid 
environments. Müller and coworkers used multiplex CARS to acquire spectra from lipid 
monolayers and bilayers [44]. They were able to measure lipids selectively from either leaflet of 
an asymmetric bilayer. Using giant unilamellar vesicles as the model cell membrane, Potma and 
Xie demonstrated lipid domain imaging with CARS [45]. Cheng and coworkers imaged deuterated 
acyl chains with epi-CARS to analyze various lipid domains in supported bilayers [46]. They have 
also modulated cholesterol content to study the effect of cholesterol on the lipid organization in 
supported bilayers. Also, label-free CARS imaging was used for probing solid, liquid-ordered and 
liquid disordered domains by Cheng and coworkers [47]. The proof of concept studies in artificial 
lipid bilayers, described here, show the potential of CARS to unravel the lipid organization in the 
cell membrane.  
Stimulated Raman spectroscopy (SRS) is another coherent Raman imaging technique. The 
increasing popularity of SRS is due in part to a simple interpretation of Raman data as the spectral 
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profile in SRS is similar to that of spontaneous Raman spectroscopy without non-resonant 
background. In an SRS experiment, two excitation fields designated as a pump at frequency ωp 
and Stokes at frequency ωs are used. As shown in Figure 2a, when the frequency difference 
between the pump and probe fields (ωp - ωs) matches a specific Raman-active molecular vibration 
in the sample, two changes occur. Stimulated Raman loss (SRL) is an intensity loss in the pump 
field at ωp and stimulated Raman gain (SRG) is an intensity gain in the Stokes field at ωs. The 
change in the intensities is measured as a signal in SRS through phase sensitive detection schemes. 
The SRS imaging speed is increased by the signal amplification that results  when there is a local 
oscillator at the detection frequency. In 2010, Xie and coworkers reported video-rate SRS by 
improving the collection geometry for backscattered light that made it possible to image lipids and 
proteins at a speed of 25 frames/s [27]. For single frequency SRS imaging, the image acquisition 
speed can be 100-times faster than spontaneous Raman imaging using a line-shaped excitation 
profile and 10,000-times faster than spontaneous Raman imaging using a point-shaped excitation 
profile [48]. Although there is no non-resonant background present in SRS, factors such as noise, 
background from non-Raman processes, and photodamage affect the quality of the image. Various 
elegant approaches have been implemented to minimize these effects and have been reviewed by 
Cheng and coworkers [48]. Unlike CARS, the SRS signal is linearly dependent on concentration; 
quantitative information and concentration maps of multiple species can be obtained from 
hyperspectral/multiplex SRS data. In general, based on the prior knowledge of the sample, various 
chemometrics methods such as least-square fitting, principal component analysis and multivariate 
analysis have been used for quantitative analysis [49-51].  
Similar to CARS, SRS has been used to image lipid and protein distributions in live cells. 
For example, as shown in Figure 3, Zhang et al. imaged lipids at 2845 cm-1 (Figure 3b) and proteins 
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at 1655 cm-1 (Figure 3c) in Drosophila cells and mammalian HEK293 and MCF-7 cell lines 
without any external labels [52]. Also, the authors were able to measure the peaks corresponding 
to nucleic acids at 785 cm-1 (Figure 3d) that are difficult to resolve with CARS due to the non-
resonant background. Cheng and coworkers have coupled SRS to spontaneous Raman scattering 
[53, 54]. This combination provided the ability to obtain high-speed Raman images as well as 
detailed spectra at pixels of interest. In another study by the same research group, femtosecond 
pulse SRS was used to study lipid synthesis in CHO cells [55]. For this purpose, they used 
deuterated palmitic acid as a precursor for lipid synthesis, and newly formed lipid droplets were 
imaged through deuterated lipid mapping with SRS.  
Liao et al. have successfully performed a compositional analysis of lipid droplets in live 
cancer cells using multiplex SRS, demonstrating the ability of SRS to image dynamic cellular 
components [56]. Lipid droplets are mainly constituted of cholesterol ester and triglycerides. In 
this study, the authors were able to estimate the percentage of cholesterol ester in stationary and 
moving lipid droplets. Further they have used multiplex SRS to study the dynamic conversion of 
retinol into retinoic acid in cancer cells. In retinoid metabolism, retinol is initially oxidized to 
retinaldehyde and then further oxidized to retinoic acid. The Raman peaks corresponding to retinol 
and retinoic acids appear at 1580 cm-1 and 1605 cm-1, respectively, and they are distinct from the 
lipid peak at 1650 cm-1. Thus, the authors could monitor the metabolic conversion of retinol by 
measuring Raman peaks at these three wavenumbers with multiplex SRS. In another study, Cheng 
and coworkers studied lipogenesis using deuterated glucose in pancreatic cancer cells [57]. 
Glucose in mammalian cells is used as an important energy source and a precursor for lipid 
synthesis. Isotopically labeled glucose can be used to study lipogenesis in live cells. Another 
dynamic event that has been investigated in live cells with SRS is choline metabolism. Choline is 
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involved in cell membrane formation, lipid transport and signaling. Min and coworkers imaged 
the choline metabolism in different types of cancer (Figure 4a-d) and embryonic (Figure 4e-h) 
cells using isotope labeled choline (choline-D9) and SRS [59]. Similar to deuterium labeling, 
alkyne-tags are also incorporated in small metabolites. For example, the alkyne-tag phenyl-diyne 
was covalently attached to cholesterol to map the distribution of cholesterol in a live cell [60]. The 
phenyl-diyne tag is biologically inactive and generates strong Raman signal that enables detection 
of small metabolites from the complicated cellular background.   
As nonlinear processes, CARS and SRS provide excellent 3D sectioning of the sample as 
the signal mainly originates from the center of the focal plane. However, the spatial resolution is 
still limited by the optical diffraction limit. Through super-resolution CARS imaging, a spatial 
resolution of 130 nm was achieved in the case of nanomaterials [61]. Inspired by stimulated 
emission depletion fluorescence microscopy, a ground state depletion approach has been 
implemented to achieve sub-diffraction spatial resolution in SRS for non-biological materials [62, 
63]. These new methodologies have the potential to be applied to biological samples, and may be 
applied to study numerous membrane phenomena. The current detection limit for CRS-based 
imaging is still above 1 mM [26]. This sensitivity currently limits the application of CRS 
techniques to highly abundant species, such as lipids and some proteins in the cell membrane. 
Although new approaches are being developed to improve the spatial resolution of CRS methods, 
limited sensitivity may hinder our ability to probe small volumes and/or species of low abundance.  
Given the complexity of the CRS instrumentation, applications in this field are generally 
limited to specialized labs. These techniques are unlikely to replace the most common optical 
imaging methods, although these techniques offer tremendous potential in biological imaging. For 
example, the ability to track cell membrane components with high spatial and temporal resolution 
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in a label-free format will enable the analysis of cell signaling pathways that are not feasible with 
current fluorescence-based approaches. 
 
2.2. Surface-enhanced Raman Spectroscopy for Cell Membrane Studies 
In this section of the review, we cover applications of surface-enhanced Raman spectroscopy 
(SERS) for imaging cell membrane proteins and lipids. In SERS, the signal from a Raman-active 
molecule is enhanced due to its vicinity (roughly a few nanometers) to a roughened or 
nanopatterned metal surface. Many metals have been reported to exhibit a SERS effect such as 
silver, gold, copper, and lithium [64-70]. The enhanced signal is commonly about a million times 
higher compared to the spontaneous Raman signal from the same molecule in solution. The 
enhancement factor is a combinatorial effect of electromagnetic and chemical enhancement 
mechanisms, with the former being the major contributor towards the overall enhancement [71, 
72]. (For a historical perspective of SERS, please see the autobiography article by Richard Van 
Duyne in this volume).   
 SERS has been used to detect various analytes such as DNA bases, explosives, therapeutic 
agents, drugs, cells, spores and food additives. (For a perspective of the bioanalytical application 
of SERS, please see the review in this volume by Graham et al.). SERS detection limits can parallel 
those of fluorescence [73, 74], and SERS applications have appeared in domains that have been 
traditionally dominated by fluorescence detection. For example, Doorn and coworkers reported a 
flow cytometer that is capable of measuring SERS with integration times in the range of 10 µs to 
20 µs [75].  
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 Several groups have reported the label-free detection of purified proteins using SERS [76, 
77]. The detection of a specific protein among a mixture requires a SERS probe functionalized 
with ligand or antibody for the target. An appropriately designed SERS probe will thus only bind 
to the target protein. The signal that is often recorded is from a Raman reporter, a molecule with a 
strong Raman signal that is commonly encapsulated within a polymer or silica coating onto the 
nanoparticle(s). The use of a Raman reporter with a resonant electronic transition coincident to the 
excitation wavelength further increases the signal. This effect is termed surface-enhanced 
resonance Raman spectroscopy (SERRS). SERS (or SERRS) is a heterogeneous phenomenon due 
to the random distribution of the regions on the nanoparticle(s) that produces the large 
enhancement, called hotspots. Thus, careful design of the SERS probe is necessary for a 
reproducible signal. The following discussion is focused on strategies to generate well-defined 
SERS probes for imaging components on the cell membrane. 
 There are many reported strategies to cluster metal nanoparticles to form well-defined 
hotspots. For example, DNA hybridization is used to form dimeric gold nanoparticles with tunable 
interparticle distances by varying the length of the DNA [78, 79]. In a study by Bazan and 
coworkers, dimeric spherical silver nanoparticles formed using an organic linker biphenyl-4,4-
dithiol (DBDT) resulted in an overall 40% yield [80]. The aggregates were functionalized with 
aptamers that can be designed for the selective detection of biomolecules. Similarly, Fabris and 
coworkers formed dimeric gold nanoparticles using the dithiol DBDT, and the formation of higher 
order aggregates was inhibited by using a monothiol linker [81]. The resulting dimer was coated 
with polyethylene glycol (PEG) and further functionalized with arginine-glycine-aspartic acid 
tripeptide (i.e., RGD) to specifically label αvβ3 integrins on the glioblastoma cell surface. 
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 Another strategy to control the formation of hotspots in nanoparticle aggregates and to 
produce a more stable SERS signal is to use graphene oxide (GO) as a coating. Several features of 
GO make it an ideal candidate for forming well-defined metal clusters, including excellent water 
dispersion and superior molecular adsorption [82]. Silver nanoparticle/GO and gold 
nanoparticle/GO SERS probes have been used for cellular imaging [83-85]. Yang and coworkers 
reported folic acid-conjugated silver nanoparticle/GO SERS probes for imaging folate receptor 
(FR) on FR-positive HeLa cells [83]. GO has a relatively small Raman cross-section, so the use of 
GO in combination with a Raman reporter is beneficial. Chen and coworkers adsorbed the Raman 
reporter tris(2,2’-bipyridyl)ruthenium (II) chloride (RuBPy) on GO sheets [86]. Then, gold 
nanoparticles were formed on the GO surface, and the number of gold nanoparticles in the resulting 
SERS probe varied depending on the starting size of GO sheets. Since the thickness of the GO 
coating is about 1 nm, there is no significant loss of SERS signal from the RuBPy, and GO can 
readily be biofunctionalized for cellular imaging. For example, the ligand glutaraldehyde (GA) 
was adsorbed on the GO surface for Raman imaging of bacteria. The authors showed that an 
optimum metal nanoparticle cluster size enables the near-IR absorption of the SERS probe for the 
thermal ablation of bound bacteria. 
 Although the SERS enhancement from an isolated spherical nanoparticle is not as large as 
nanoparticle aggregates, there are anisotropic nanoparticles that offer a large SERS enhancement 
similar to spherical nanoparticle aggregates. Examples include nanostars, spiked beads, 
nanocubes, nanorods, octahedral structured nanoparticles, and nanoantenna, to list few [87-97]. 
All the listed nanoparticles, with the appropriate functionalization, can be used as SERS probes 
for imaging cell membrane proteins. For example, Wark and coworkers used Raman reporters 
encapsulated onto gold nanorods with a polyelectrolyte coating for imaging dendritic cells [90]. 
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They adsorbed three different Raman reporters (diethyl-2,20-cyanine iodide, 
diethylthiadicarbocyanine iodide and IR1048) on a single nanorod to develop universal Raman 
probes that can be imaged with commonly available lasers across the wavelength region of 512 
nm to 1064 nm. The polymer coating on these universal tags can be functionalized with appropriate 
ligand or antibody for imaging cell membrane proteins. 
 Nanoshell and nanogap-containing nanoparticles are another type of material used as SERS 
probes. Isolated nanoshells (i.e., a dielectric material surrounded by a metal shell) have been shown 
to be capable of producing similar SERS signals of nanosphere dimers, circumventing the need to 
produce SERS probes with precisely defined aggregation [98]. Guo and coworkers reported that 
nanoshells consisting of silica-embedded Raman reporter (RuBPy) with a gold coating produce a 
SERS enhancement on the order of 1011 to 1014 [99]. Singamaneni and coworkers have reported a 
Raman reporter placed in a gap between a gold core and a gold shell (termed BRIGHTs) generates 
a twenty-fold SERS enhancement compared to similarly sized gold nanopopcorn [100]. They 
functionalized the BRIGHTs surface with ERbB2 antibody to image ERbB2 receptor on the 
surface of SKBR-3 cells. Similarly, in 2016, He and coworkers reported uniform nanogap-
containing gold core and shell particles that are formed due to polyadenine spacers [101]. The 
SERS enhancement was sensitive to the size of the metal core. A Raman reporter such as 4,4’-
dipyridyl and 5,5’-dithiobis(2-nitrobenzoin acid) was placed in the nanogaps, and the particle 
surface was functionalized to image CD44 receptors on tumor cells.  
 As previously stated in the introduction, Raman imaging has benefits over fluorescence for 
multiplexing. Raman imaging is ideal for mapping multiple protein biomarkers on the cell 
membrane, which is often necessary for accurate diagnosis, disease staging and selecting 
therapeutic interventions [10, 102, 103]. SERS or SERRS probes have been used for imaging three 
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to four proteins simultaneously in the cell membrane [104-106]. Liz-Marzan and coworkers 
reported poly(N-isopropylacrylamide) microgel-encapsulated gold octahedral nanoparticles 
loaded with three different Raman reporters to image tumor-associated biomarkers: epidermal 
growth factor receptor (EGFR), epithelial cell adhesion molecule (EpCAM) and homing cell 
adhesion molecule (CD44) [107]. They were able to successfully discriminate between tumor and 
nontumor cells. This and other proof-of-concept studies support the possibility of even higher 
levels of multiplexing with Raman imaging. 
 
2.3. Tip-Enhanced Raman Scattering 
Tip-enhanced Raman spectroscopy (TERS) provides nanometer spatial resolution by combining 
SERS and scanning probe microscopies such as atomic force microscopy (AFM), scanning 
tunneling microscopy (STM) or shear-force microscopy (SFM). Immediately after STM was 
realized in 1985, Wessel proposed an idea of “Surface-enhanced optical microscopy” [108]. 
Fifteen years later, several groups reported TERS with an AFM tip [109-111].  The basic idea is a 
sharp metal or metal-coated tip is placed near (in the near field) to the sample surface, which 
generates a SERS-type effect that is localized to a spatial scale typically on the order of 10 nm to 
20 nm [112]. A spatial resolution of 0.5 nm was reported for TERS of a single porphyrin molecule 
adsorbed on a silver surface [113]. The TERS enhancement is dependent on the distance between 
the sample and the tip (the enhancement decays exponentially), polarization of the incident 
radiation, shape and the material of the metal or nanoparticle on the tip [114-118]. In comparison 
to AFM-based TERS, STM offers better control of the distance between the tip and sample, which 
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is a critical parameter [119]. However, for STM-based TERS either the sample needs to be 
conductive or an extremely thin sample must be on a metal substrate.  
As a surface sensitive technique with nanometer spatial resolution, TERS is a valuable tool 
for label-free chemical imaging of lipid bilayers and the cell membrane. TERS has been 
extensively used for the chemical analysis of model lipid membrane composition and nanometer-
scale domains [120-122]. In 2009, Deckert and coworkers used AFM-based TERS to analyze the 
surface of the human cell line HaCaT at a spatial resolution of 10 nm [123]. They used supported 
lipid bilayers as a model system to interpret the complex TERS spectrum from the cells. In another 
study, the same group used TERS to characterize protein and lipids in the bilayer at nanometer 
spatial resolution [124]. Three types of domains were identified corresponding to lipid-only, 
protein-only and lipid-protein domains. In another study by the same group , human colon-cancer 
cells were used as a model to analyze by TERS nanometer-sized protein-rich and lipid-rich 
domains [122]. Schultz and coworkers used RGD ligand-coated nanoparticles to specifically 
image integrins in the intact cell membrane by TERS [125-127]. They measured similar spectra 
for the receptors in the cell membrane and for purified receptor. They were able to differentiate 
two different integrins (α5β1 and αvβ3) on the cell surface. 
TERS has been applied to study the chemical composition of the cell surface of 
microorganisms, such as bacteria. Popp and coworkers studied the cell membrane of the gram-
positive bacteria with TERS at a 50 nm spatial resolution [128]. The recorded TERS spectrum 
primarily consists of peaks corresponding to peptides and polysaccharides. In a follow-up study, 
TERS in combination with infrared absorption, micro-Raman spectroscopy and UV resonance 
Raman spectroscopy was used for the detailed chemical analysis of metabolism in gram-positive 
bacteria [129]. In this study, TERS was specifically used for probing structure and dynamics of 
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polysaccharide and peptide components on the bacterial cell membrane. TERS has also been used 
to study the surface of virus particles. The coat proteins on the surface of the tobacco mosaic virus 
were analyzed with a spatial resolution less than 50 nm [130]. Naumann and coworkers 
characterized different virus strains based on their TERS spectral signature [131]. Very recently, 
Popp and coworkers have discriminated different viruses using TERS and chemometrics [132].  
The selected examples presented here show that TERS is a valuable tool for the chemical 
analysis of the cell membrane with a spatial resolution of a few tens of nanometers. Although 
TERS experiments have up to now primarily focused on fixed samples, improvements in the 
acquisition speed will enable the analysis of the dynamic processes in live cells. Van Duyne and 
coworkers have shown that by coupling TERS to ultrafast spectroscopy, the temporal resolution 
in TERS can be improved [133]. 
 
 
3. EXOGENOUS SMALL MOLECULE AND MULTICOLOR TAGS FOR SPECIFIC 
LABELING 
Although label-free Raman imaging is a powerful technique for the chemical analysis of the cell 
membrane, the identity of a specific protein or a lipid is lost in the ensemble signal. Labeling a 
specific protein or lipid is sometimes desired, as highlighted by several of the examples discussed 
above. Properly engineered SERS probes have general utility for adding selectivity to the Raman 
measurement. However, the size of many SERS probes could be too invasive for some 
measurements. In this section, specialized small Raman tags (as small as two atoms) that have 
Raman peaks in the cell-silent region are discussed. Although the Raman signal corresponding to 
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these tags may not be as large as measured for SERS probes, the Raman peak location in the cell-
silent region makes them highly advantageous for selective labeling. The research in this area is 
developing, and most of the experiments discussed here are proof of concept. These tags are 
expected to play a significant role in Raman imaging of the cell membrane.  
These Raman tags are borrowed from the popular biorthogonal tags for fluorescence 
imaging. In a typical bioorthogonal labeling experiment, a small alkyne (C≡C) or azide (N3) tag is 
introduced as a handle into the species of interest, such as lipids and proteins in live cells. For 
fluorescence, the inserted handle is further used for attaching a label for detection [134]. The 
success of this approach is attributed to the incorporation of the handle with minimum perturbation 
to any endogenous activity in the cellular environment. In this regard, the Cu-catalyzed click 
chemistry is a well utilized chemical reaction [135, 136]. However, the installation of a fluorescent 
label by Cu-catalyzed click chemistry is limited to fixed cells or cell lysate due to the toxicity of 
the metal catalyzed reaction. Bertozzi and co-workers developed a Cu-free version of click 
chemistry using highly strained molecules that promote the chemical reaction in the absence of 
catalyst in live cells [137]. However, the reaction kinetics are slow. All these limitations of bio-
orthogonal chemistry can be avoided in Raman imaging by measuring the signal from the handle 
itself without the need of using click chemistry to introduce a fluorophore.  
The characteristic Raman signal corresponding to alkyne or azide tags appears in the cell-
silent region. Sodeka and coworkers reported the spontaneous line-scanning Raman imaging of 
alkyne-tagged 2-deoxyuridine (EdU) at 2122 cm-1 in live HeLa cells [138]. The EdU is used as a 
cell proliferation probe. The Raman signal mainly originates from the cell nucleus due to binding 
of EdU to newly synthesized DNA. In a follow-up study, the authors reported various small 
alkynes, nitrile (C≡N) and deuterium (C-D) tags that can be used for Raman imaging in the range 
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of 2084cm-1 to 2258 cm-1 [139]. Further, all tags were characterized for their Raman intensity 
compared to the originally reported EdU tag. In all cases, the alkyne tags have higher intensity 
compared to the nitrile and deuterium-derived tags. As a demonstration study of cellular uptake 
and accumulation of small molecules, the alkyne-labeled coenzyme Q (CoQ) lipid analogs of 
varying hydrophobicities were measured in HeLa cells. The cellular uptake and localization of 
CoQ analogues measured by Raman imaging were observed to be dependent on the hydrophobicity 
of the CoQ. Further, using two different alkyne tags to label DNA and CoQ, multiplexed imaging 
has been done in HeLa cells to separate the signal at 2122 cm-1and 2248 cm-1 from the nucleus and 
cytoplasm, respectively.  
Alkyne, nitrile, and deuterium tags are useful as small exogenous Raman tags for labeling 
cell membrane components for spontaneous Raman imaging, although higher signals can be 
obtained with these tags using stimulated Raman scattering (SRS). Min and coworkers reported 
the implementation of SRS for imaging the C-D bond in a deuterated sample [58]. SRS was used 
rather than CARS due to the lower background and straightforward interpretation of the SRS 
signal. Deuterated leucine was used as a precursor for protein synthesis in HeLa cells. The spatial 
distribution of the protein signal was similar to the signal observed in bio-orthogonal 
measurements through fluorescence detection in fixed cells. The observed signal was decreased 
when protein synthesis-inhibiting drugs were used, indicating the origin of the C-D signal was 
from protein synthesis. This approach was also applied to image protein distribution in HEK293T 
and neural cells at physiological conditions [58]. The signal was amplified many fold by using a 
deuterated derivative of all amino acids as the precursors. As shown in Figure 4i-l, the authors 
were able to monitor the time-dependent de novo protein synthesis at 5 hours (Figure 4i) and at 20 
hours (Figure 4k) after introducing deuterium labeled amino acids in HeLa cells. SRS was used to 
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image the synthesis of DNA, RNA, proteomes, phospholipids and triglycerides in live cells using 
alkyne tags [140]. In 2016, Potma and coworkers used deuterated cholesterol as a Raman-active 
probe to measure cholesterol storage in lipid droplets in cells [141]. Further, Li et al., measured 
lipogenesis in live cells using deuterated glucose as a Raman-active probe (Figure 4m-n) [57]. 
Diyne-derived cholesterol was used to measure cholesterol storage in live CHO cells with SRS 
(Figure 4o-p) [60]. 
Alkyne structures with variable substitution were reported for dual-color Raman imaging 
with spontaneous Raman imaging. However, most of the alkyne structures that can be multiplexed 
over two colors have overlapping peaks. In 2014, Min and coworkers reported that by replacing 
12C in the simplest alkyne (C≡C) with one 13C or two 13C through isotope replacement, alkyne tags 
with three distinct signals at 2048, 2077 and 2125 cm-1 could be easily resolved [142]. As a proof 
of concept for multiplexing, lipids, DNA and RNA were successfully mapped in a single HeLa 
cell with minimum cross talk among the detection channels. Another advantage for using isotope 
labeled alkyne is that all color tags are chemically identical, hence there are fewer differences in 
the perturbation from the tag structure. Very recently, alkyne-tags coupled with SERS probes were 
used for three color Raman imaging in the 2100 to 2300 cm-1 region [143]. As shown in Figure 5, 
these hybrid probes were used to image folic acid receptor and luteinizing hormone-releasing 
hormone receptor on the HeLa cell membrane. 
Multicolor Raman imaging can be performed using carbon nanotubes (CNT). CNTs 
provide unique optical properties, including resonance with near-infrared excitation. The CNT are 
serum-stable and have minimum cytotoxicity with suitable surface functionalization [144]. The 
surface of the CNT can be easily functionalized to target a specific protein on the cell membrane 
[145]. The Raman band corresponding to CNT is very sharp, which makes them suitable for 
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multiplexed Raman imaging. As a proof of concept, Dai and coworkers showed that up to three 
color imaging can be performed with CNT in fixed cancer cells by modulating the 13C/12C isotope 
composition [146]. They measured three membrane proteins including epidermal growth factor 
receptor, integrins and receptor tyrosine-protein kinase ErbB-2. In a follow-up study, they 
increased the number of targeted receptors to five (Figure 6) [147]. 
 
4. CONCLUSIONS AND OUTLOOK 
The Raman signal encodes the identity of the functional groups within the molecule and thus 
enables label-free chemical imaging. Coherent Raman scattering, tip enhanced Raman scattering 
and surface enhanced Raman scattering are common Raman imaging modalities for lipid and cell 
membrane studies. The highlighted advantages of each of these techniques are varied in relation 
to cell membrane studies. The coherent nature of the Raman signal allows video-rate chemical 
imaging of lipids and proteins with CARS and SRS, and the demonstrations of improved spatial 
resolution CARS and SRS imaging with non-biological samples may be extended to biological 
studies in the near future. The SERS signal can parallel the fluorescence signal intensity, and 
multiple membrane proteins on the cell membrane have been specifically imaged with Raman 
reporter-encapsulated SERS probes. Cell membrane components have been analyzed with a spatial 
resolution around 10 nm with TERS, and methods to improve imaging speed with TERS are being 
reported. The utility of all these techniques is expanded with tags, such as alkyne, deuterium or 
azide, to generate a signal in the cell-silent region that is free of cellular background and extends 
Raman multiplexing. Several exciting prospects for cell membrane studies include subdiffraction, 
video rate CARS and SRS imaging of cell membrane components, which would aid studies of 
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membrane dynamics. Similarly, the ability to combine multiplexed SERS measurements with 
membrane protein tracking would enable the simultaneous measurement of the diffusion of 
multiple membrane proteins. Finally, future applications of Raman imaging will benefit from the 
labeling of a specific membrane protein with a unique Raman tag either genetically or 
endogenously. 
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Figure 1. Schematic depicting the organization of cell membrane and associated components. As 
with most figures of membrane structure, for simplicity this schematic does not represent the true 
membrane crowding. 
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Figure 2. (a) Jablonski diagrams depicting spontaneous and nonlinear Raman processes. 
Symbols—ωp: pump frequency, ωr: Rayleigh frequency, ωs: Stokes frequency, ωpr: probe 
frequency, ωas: anti-Stokes frequency. (b) Raman spectra of a single human tumor cell. Peaks are 
shown in the fingerprint region (500 cm-1 to 1800 cm-1) and C-H stretching region (2700 cm-1 to 
3100 cm-1). Abbreviations—p: protein, l: lipid, d: DNA/RNA, A: adenine, T: thymine, G: guanine, 
C: cytosine, U: uracil, Phe: phenylalanine, Tyr: tyrosine, Trp: tryptophan, bk: backbone, def: 
deformation, tw: twist, sym: symmetric, asym: asymmetric, str: stretch (© Institute of Physics and 
Engineering in Medicine. Reproduced from reference [12] with permission of IOP Publishing. All 
rights reserved. DOI:10.1088/0031-9155/56/1/002).   
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Figure 3. (a) Spontaneous Raman spectrum of a Drosophila cell. SRS image of a single cell 
obtained for lipids at (b) 2845 cm-1, protein at (c) 1655 cm-1,, nucleic acids at (d) 785 cm-1 and 
(e) 1090 cm-1. The scale bar is 20 µm. (Reproduced from reference [52] with permission from 
John Wiley and Sons).  
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Figure 4. SRS images. (a-h) Distribution of deuterated choline-containing metabolites (C-D peak 
at 2188 cm-1) and as a control protein distribution (amide I peak at 1655 cm-1) imaged in (a-b) 
HeLa, (c-d) U2OS, (e-f) HEK293T and (g-h) NIH3T3 cells. (Reproduced from reference [59] with 
permission from Royal Society of Chemistry. DOI:10.1039/C3AN02281A). (i) and (k) Time-
dependent chemical imaging of newly synthesized proteins labeled with deuterated amino acids in 
HeLa cells at 5 h and 20 h, respectively, (j) and (l) control total protein distribution (amide I peak 
at 1655 cm-1) imaged at 5 h and 20 h, respectively [58]. (m) Distribution of newly synthesized 
lipids from deuterated glucose (C-D peak at 2120 cm-1) and (n) control, total lipid distribution (C-
H peak at 2850 cm-1) imaged in pancreatic cancer cells [57]. (o) Cell Membrane distribution of 
phenyl-diyne labeled cholesterol (C-D peak at 2245 cm-1), and (p) lipid signal (C-H peak at 2885 
cm-1) imaged in a live CHO cell [60].    
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Figure 5. Multicolor SERS imaging in live HeLa cells. (a) Schematic representation of three 
alkyne-tagged SERS reporters with surface-ligation for targeting folic acid (FA) receptor (OPE0), 
luteinizing hormone-releasing hormone (LHRH) receptor (OPE1), and polypeptide chain 
containing multiple arginine (CPP) for cytoplasmic localization (OPE2).  (b) Bright-field and 
SERS images of each of the three SERS reporters as well as an overlaid image of all three images. 
(c) The Raman spectrum from the location shown with a white arrow in the overlay image and 
corresponding chemical structure of each Raman reporter. (Adapted with permission from 
(Analytical Chemistry, 2016, 88, 6115-6119). Copyright (2016) American Chemical Society.)   
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Figure 6. Multi-color Raman imaging with SWNTs. (a) Isotopically modified SWNTs with a 
specific antibody or peptide to target a surface biomarker on a cancer cell membrane. (b) Peak 
location of G-band for each SWNTs shown in (a). (c) Five color Raman imaging of five cancer 
cell-types containing different biomarkers (MDA-MB-468, U87MG, LS174T, Raji, and BT474) 
using the indicated SWNT. As a control, in the mixed samples, all five cancer cells are mixed and 
incubated with the five-color SWNT mixture. Abbreviations—EGFR: epidermal growth factor 
receptor; RGD: peptide targeting integrins; CEA: carcinoembryonic antigen; CD20: B-
lymphocyte antigen; Her2: receptor tyrosine-protein kinase erB-2. The scale bars are 10 µm for 
the top five rows and 40 µm in the bottom row [147]. 
 
